We experimentally investigated the resonance effect of planar metallic split ring resonators (SRRs) in the far-infrared region (FIR) ($10:6 mm). Experimental results indicated that they exhibit resonance around 10.6 mm, implying negative permeability in the FIR region. Furthermore, the ratio of effective dimensions of the SRR cell and the wavelength of the incident beam was around 1 which suggested a wide scale independence. This size tolerance is useful in realizing the meta-materials with negative indices of refraction in the optical wavelength domain.
Meta-materials or composite meta-materials have attracted much interest in recent years because of their unique physical properties and novel applications to various fields in science and technology. [1] [2] [3] [4] Two parameters, electric permittivity (") and magnetic permeability (), are deterministic for the materials in terms of their response to the electromagnetic radiation. In ordinary materials, both " and are positive. However, very thin wires 5) may exhibit negative permittivity ("<0), while a periodic array of split ring resonators (SRRs) 6) may have negative permeability (<0) in the microwave region, in which both of the negative parameters are revealed by resonance (absorption of incident energy) at corresponding frequencies. The SRR pattern is key to realizing negative permeability and metamaterials with negative index of refraction (NIR) or lefthanded meta-materials. 3, 7) NIR meta-materials have potential applications in super-resolution optics where they may contribute to the breaking of the diffraction limit, 1, 8) yielding important results in science and technology. However the SRR structures are realized in the microwave region from one to around 20 GHz. The optical wavelength region is of interest in exploring the fundamental and practical limitations of NIR meta-materials. In the microwave region, the mm-scaled SRR cell is easily fabricated, but fabrication in the optical wavelength region is difficult, since the SRR pattern must be scaled down to the nanometer scale in the optical wavelength region. Mean-field theoretical consideration indicates that the characteristic scale of SRR should be at least tens or few hundred times smaller than the incident wavelength. This requirement implies that the SRR cells should be treated as small-scale artificial molecules or atoms. 9) In this paper, we report the resonance of SRR in the wavelength of the far-infrared region (FIR) at $10:6 mm and the scale of SRR can be as large as the wavelength. This scale tolerance could be important in realizing NIR metamaterials in the optical wavelength region.
The SRR pattern sample was fabricated by means of a standard IC process. Aluminum (Al) with $0:5 mm thickness was deposited on the silicon (Si) substrate with $0:7 mm thickness to construct the SRR pattern. Only the square SRR pattern is considered here and the geometry is shown in Fig.  1(a) . The average size of each cell was 10.48 mm and the width of each metallic line was 1 mm. The horizontal separation between the two SRR cells was 3.2 mm and the vertical separation was 6.8 mm. On average, the area covered with SRR had a size of $ 3.5 mm Â 3.5 mm and the area covered by the laser beam included approximately 255Â 200¼51; 000 SRR cells that acted simultaneously because of the coherence of laser light. The structure of the SRR cell was determined by optical microscopy and is presented in Fig. 1(a) . Figure 1 (b) presents the experimental setup. A linear polarized light source from a laboratory-built CO 2 laser was separated into two beams: one was guided to the sample and the other was used for reference, and their energy separation ratio was approximately 9:1. A polarizer (GTE Sylvania, model 485) was inserted in the front of the sample. The polarization ratio of the s-polarization to the p-polarization was measured as 1000:3, such that the stronger E field orthogonal to the optical axis was on the y-axis, as depicted in Fig. 1(c) . The output beam profile was transverse electromagnetic mode, TEM 00 , determined by using a thermal image plate for CO 2 lasers (Macken Instruments, 22-A/22-B). The propagation of energy given by the Poynting vector S, which is effectively the same as the wave vector k here, is parallel to the optical axis. In the experiment, the output power of the CO 2 laser was normally over 4 W. The diameter of the optical beam on the sample was 4 mm, and was controlled using a diaphragm. The loss of energy due to the blocking by the diaphragm was fixed in the experiment and the intensity on the sample was typically around 100 mW. The sample was air-cooled to prevent thermal damage to the metal Al. The transmitted power was measured using an IR detector (Scientech, 36-001; spectral range 0.25-35 mm). In the experiment, the transmitted power of the transmitted beam (P2) was normalized with the power of the monitored beam (P1) to prevent any influence of the fluctuation in power from the CO 2 laser, such that all data were comparable.
A local coordinate system (x, y, z) is used herein, where the z-axis corresponds to the normal axis of the SRR sample, i.e., the normal direction of the sample penetrated through the ring. When the sample was orientated for normal incidence, the optical axis is parallel to the z-axis; rotating the sample through 90 degrees oriented the optical axis perpendicular to the z-axes, as indicated in Fig. 1(c) . The sample was symmetrically rotated about the y-and x-axis. For comparison, the transmission curves at two wavelengths, 10.86 mm and 9.43 mm, were measured. These two laser wavelengths were considered because the characteristic dimensions of the SRR cells were in between these two wavelengths. The Si substrate was grown by Czochralski pulling techniques and exhibits a strong absorption at 9 mm. At 10.86 mm, the transmission of a pure Si sample is $38%, while at 9.43 mm, it is $40%.
The angular distribution of transmission caused by the SRR cells was measured. The vertical axis, ''normalized transmission'', represents the ratio of the power detected after the light beam propagates through the (tilted) sample to that before it. The incident power from the detected P1 was calculated as shown in Fig. 1(b) , and the power passing through the polarizer and the diaphragm was included. Notably, this configuration is preferred because it ensures that the polarization of the incident beam on the sample can be well controlled without affecting the beam splitter and mirror. The tilt angle of the sample with respect to the y-axis is denoted by . At normal incidence, ¼0, the incident beam is normal to the sample, k k z, as depicted in Fig. 1(c) . When the tilt angle is rotated to 90 degrees, the incident beam is parallel to the sample surface, k?z. and the magnetic field H penetrates through the ring. The orientation of electric field E was along the y-direction and the orientation of E, H and k followed the right-handed rule. In the case of 90 deg of tilt angle, most of the power did not impinge on the sample because the sample ($0:7 mm) was thinner than the diameter of the beam ($4 mm), and the transmission measured by the detector was not below 0.7, increasing the detected transmitting power of P2. For comparison, planar Al-coated Si was used as a reference plate,where metallic Al had a thickness of $0:5 mm.
In Fig. 2 (a) , when the tilt angle of the SSR sample was changed by 90 deg, the incident magnetic field penetrated through the SRR sample and the transmitted power dropped. Scattering and/or the absorption of the metal Al itself may cause transmission loss. But the effective ratio of the cross section of the metallic material to that of the Si substrate was so small ($5 Â 10 À4 ) that the scattering effect could be neglected when the sample was rotated to ¼90
. Further- more, the transmission loss caused by the scattering effect can be excluded, since the planar pure Al-coated Si substrate exhibited a higher transmission at ¼90 of around 0.9, as indicated by the curve of hollow circles in Fig. 2 (a) . The transmission did not drop, but in fact peaked. Hence, the key factor of the drop must have been something else. The laser beam covered all the SRR cells in all tilt directions, so the absorption by the metal Al on the SRR cells should be the same as that for the pure Al on the reference sample, when metallic SRR cells form a bulk medium. However, this agreement was not observed. When the tilt angle approached 90 deg, the direct contribution of the incident beam to the detector became dominant, increasing the power detected on P2. For the case of planar pure Al-coated on Si, the evaluated value of detected power on P2 at 90 degrees was $ 0:89, which was close to the experimental results represented by the curve of hollow circles in Fig. 2 (a) . However, as shown in the curve of solid circles in Fig. 2 (a) , the value of transmission did not increase, but dropped to approximately 0.3, as denoted by the upward arrows, implying that the interaction between SRR and the magnetic field is strong when the angle of tilt closes to 90 deg. The transmission drop must be caused by the SRR pattern. In other words, the magnetic field was significantly coupled to the SRR cell. Transmission loss is, therefore, absorption which occurs because of resonance.
Furthermore, the transmission drop cannot be considered as the diffraction of gratings. When the SRR patterns were considered as a diffraction grating, it must follow the grating equation, sin m À sin 0 ¼ mð=dÞ, where m represents the order of diffraction, 0 and m are the angles of incidence and diffraction, respectively is the wavelength and d represents the period of the grating. The diffraction order higher than 1, i.e. m=1, was absent when the angle of incidence was around 90 deg. Restate, the detected power on P2 was not affected by the diffraction effect of the grating. The sample was also rotated to point along the x-axis, parallel to the optical table, such that the magnetic field did not penetrate through the SRR ring. However, the absorption disappeared, as shown in Fig. 2 (b) , revealing that the relative orientation of the polarization is crucial. Essentially, the absorption mechanism is exactly the same as that in the case of parallel polarization described by Gay-Balmaz and Martin, 10) who used a mm-scale SRR cell and a GHz microwave source to demonstrate that with parallel polarization, the incident magnetic field penetrates the SRR ring and thus generates a strong current that flows on the rings. This feature also applies to the optical domain.
Consider the region of nonresonance at almost normal incidence, $0. Slightly changing the tilt angle leads to the significant variation of the transmission, unlike in the case of the Al-coated Si substrate, as can be seen in Fig. 2 (a) . This variation, denoted by a pair of horizontal arrows ( !), was caused by the Fabry-Perot effect of the Si substrate. In other words, the outer interfaces of the Si plate acted as an etalon. For simplicity, the Fabry-Perot etalon is assumed to be an infinite plate with the transmission (T) as follows:
where R, n, L and 0 represent the reflectance of the two interfaces, the refractive index, the thickness of the etalon and the angle of refraction of the etalon, respectively. However, pure Al-coated Si did not support the rapid oscillation, as shown in Fig. 2(a) . This is because pure Al exhibited a large loss when light passed through the sample. The power decayed to approximately $10 À19 for metal Al with $0:5 mm thickness. Consequently, the oscillation is suppressed when pure Al-coated Si is used. However, as the sample was rotated to 90 deg, the Fabry-Perot etalon effect would not occur and thus would not affect the resonance. A laser diode, in which the emission wavelength is 808 nm, and a He-Ne laser (wavelength 632.8 nm) were used to cross-check the rapid oscillation caused by the Fabry-Perot effect. Because the transmission of Si at wavelengths below 1 mm is extremely low, i.e. with a high loss, no rapid oscillation was observed, as shown in Fig. 3(b) .
The relationship between the scales of SRR cells and the incident wavelength was also considered. We performed examinations at the incident wavelength smaller than the average size of a unit SRR cell, 9.43 mm and 808 nm, as shown in Fig. 3 . The resonance of the SRR patterns also appeared in the case of the incident wavelength of 9.43 mm, as depicted in Fig. 3(a) , but was absent at 808 nm which is much smaller than the SRR scale, as shown in Fig. 3(b) . Notably, although the absorption of parallel polarization at 9.43 mm is less significant than that at 10.86 mm, it is still observable. In the case of 9.43 mm, one wavelength could not cover the entire SRR cell; however, the coherence of the laser light may improve the cooperation among the SRR cells, indicating that the maximum scale tolerance of the SRR pattern is around one wavelength of the incident beam.
In conclusion, a metallic planar wavelength-scale SRR is demonstrated to exhibit an absorption in the FIR wavelength range, of around $10:6 mm with parallel polarization. A reference experiment using a planar Al-coated Si sample is employed and compared to show the novel result. The absorption could be interpreted as ''resonance''. As in the cases in the microwave region, this resonance indicates negative permeability. Notably, the scale of the SRR pattern can be as high as one wavelength of the incident beam, the 
